HAL is a multi-disciplinary open access archive for the deposit and dissemination of scientific research documents, whether they are published or not. The documents may come from teaching and research institutions in France or abroad, or from public or private research centers. L'archive ouverte pluridisciplinaire HAL, est destinée au dépôt età la diffusion de documents scientifiques de niveau recherche, publiés ou non, emanant desétablissements d'enseignement et de recherche français ouétrangers, des laboratoires publics ou privés. show less bias in comparison with the HALOE and SAGE-II measurements. Though, the satellite (HALOE and SAGE-II) measurements underestimate the tropospheric ozone, they are in good agreement for the heights above 15 km. The bias between the measurements and the normalized ozone profile constructed from the ozonesonde and SAGE-II satellite measurement shows that the SAGE-II measurements are more accurate than the HALOE measurements in the lower stratosphere. The monthly variation of ozone concentration derived from ozonesonde and HALOE shows a nearly annual cycle with a maximum concentration during winter/spring and minimum concentration during summer/autumn months. The time evolution of total column ozone obtained from TOMS, SAOZ and the one computed from ozonesonde and SAGE-II, exhibits similar behaviour with analogous trends as above. The TOMS variation displays a higher value of total column ozone of about 3-5 DU (10%) in comparison with the SAOZ and the integrated ozone from ozonesonde and SAGE-II.
Introduction
Ozone plays an important role in the earth's radiation budget by preventing UV radiation from penetrating the earth's atmosphere. The stratosphere is a region in the earth atmosphere which exhibits maximum ozone concentration and helps to prevent UV radiation from penetrating the atmosphere and the earth surface (see review article by Staehelin et al., 2001 ). On the other-hand, the troposphere ozone concentration acts as an atmospheric pollutant and leads to global warming. Therefore, understanding ozone concentration variations in the stratosphere and troposphere height regions is of great importance to the research community.
There are different remote sensing instruments to provide vertical ozone profiles, such as spectrometers, ozonesondes, lidars, etc. Ozonesondes are recognized to be an effective tool for measuring ozone in the troposphere and part of the stratosphere (Beekman et al., 1994; Logan, 1999) . Logan (1999) investigated the ozone variation in the lower stratosphere using ozonesonde data from the northern hemisphere and observed that the amount of ozone decreases between the tropopause and 100 hPa from March to September due to an increase in the tropopause height. Fujiwara et al. (2000) provided the seasonal variations of troposphere ozone over Indonesia (Watukosesk, 7.5 • S; 112.6 • E) using 5 years of ozonesonde measurements. The seasonal variations showed an enhanced ozone-mixing ratio during dry season (AugustNovember), in comparison with the other seasons which is
Published by Copernicus Publications on behalf of the European Geosciences Union. most likely caused by biomass burning. Their results are in accordance with the observations made over the equatorial eastern pacific, Cristobal, Galapagos (0.9 • S; 89.6 • W) by Shiotani et al. (2002) . A review by Staehelin et al. (2001) addressed that the satellite and ground-based measurements show no significant ozone trends in the tropics but significant long-term negative trends of 2-4 % in the northern and southern mid-latitudes. Brinksma et al. (2002) observed annual trends in troposphere-stratosphere ozone variation using five years of ozone measurements from lidar, ozonesonde and satellite data over a mid-latitude station, Lauder (45 • S; 170 • E). They have observed high concentrations during winter. Using Southern Hemisphere ADditional OZonesonde (SHADOZ), Thompson et al. (2003b) presented the troposphere ozone climatology using 3 years of ozonesonde observations for different stations over southern hemisphere. The observations are concentrated especially over tropics/subtropical station and noticed a maximum ozone concentration during the winter/spring period.
Although the ozonesonde measurements are precise for the troposphere and lower stratosphere height regions, they are unable to provide a global picture (Barnes et al., 1985; Tiao et al., 1986) . On the other hand, satellite measurements provide a global coverage with very low frequency of observation requirements for a particular site. The Halogen Occultation Experiment (HALOE) on UARS and Stratospheric Aerosol and Gas Experiment (SAGE) provide a relatively better estimation of ozone with good vertical resolution, even at tropospheric altitudes, though less in frequency of observations for a given site. Lu et al. (1997) compared HALOE, SAGE-II and ozonesonde data from Northern hemisphere (Payerne; 46.8 • N, 6.95 • E) and Southern hemisphere (Lauder; 45.0 • S, 169.68 • E and Macquarie Island; 54.5 • S, 158.95 • E). Their studies suggested that HALOE, SAGE-II and ozonesonde measurements are in good agreement; especially above 20 km. Bhatt et al. (1999) concluded that HALOE is providing accurate ozone profile in the lower stratosphere whilst the correction for aerosols interference is well characterized and when there is no cirrus layers detected. , using SAGE-I/II data for longer period of about 20 years , noted that the maximum decline in ozone trends occurred at ∼40 km. The studies further evidenced a large negative trends present for the extra-tropics (−1.0%/year) compared to the tropics (−0.6%/year). Dorokhov et al. (2002) stated that the comparison between satellite and ground-based measurements permits a better understanding of the characteristics and weakness of each data set.
Besides, height profiles of ozone, the total columns of ozone have been studied by various researchers. Chandra et al. (1996) presented the mid-latitude total ozone trends in the northern hemisphere and noticed that they are influenced by inter annual variability which is associated with dynamical perturbations in the atmosphere during the winter and spring months. They also estimated that due to both radiative and dynamical processes, a strong positive correlation between total ozone and lower stratospheric temperatures exists. Ziemke and Chandra (1999) discussed the significance of biomass burning in generating seasonal and zonal anomalies in total ozone over tropics using 20 years of total ozone mapping spectrometer (TOMS) data. Their study illustrated an annual cycle with a maximum ozone concentration during September and October from 15 • N to 15 • S. The biomass burning was found to occur at different times for northern and southern hemispheres. However, recent studies based on three-dimensional atmospheric chemistry and transport models suggest that photochemical ozone formation due to biomass may be less important (Lelieveld and Dentener, 2000; Marufu et al., 2000; Moxim and Levy, 2000; Chandra et al., 2002) .
It is apparent from all the above recent studies that there is considerable interest within scientific community to study the substantial decrease/increase in stratosphere/troposphere ozone. Over tropical and sub-tropical regions, the ozone measurements are very few, especially in the southern hemisphere (WMO, 1999 , Staehelin et al., 2001 , though it has a significant contribution in the global climate change. Reunion Island (21 • S; 55 • E) is located over southern subtropics and is influenced by a number of atmospheric perturbations, such as cyclone, Inter Tropical Convective Zone (ITCZ) passages, strong jet streams etc, where the study on ozone variations play an important role in addressing different aspects of the climate. In this study, we report on the climatological characteristics of stratospheric ozone over Reunion Island (21 • S; 55 • E) using in-situ ozonesonde data (13 years) and its comparison with UARS-HALOE data (15 years). The study also attempted to validate the SAOZ measurements taken over Reunion Island by comparing with total ozone measurements from TOMS and those obtained by integrating ozonesonde and SAGE-II data (hereafter OAS). The paper is organized as follows; Sect. 2 provides a brief sketch on data used; Sect. 3 presents the climatological results obtained from ozonesonde and HALOE, comparison between the ozone measurements from ozonesonde and HALOE, temporal evolution of ozone and anomalies between the measurements and comparison of total column ozone measurements from TOMS and SAOZ; Sect. 4 summarizes and concludes the results. In addition, an appendix is included and it provides the monthly mean climatological value of ozone concentration and standard deviation over Reunion Island for the height region from ground to 30 km.
Data

Ozonesonde data
The radiosonde accompanied with Electrochemical Concentration Cell (ECC) is used for measuring height profiles of ozone from sea level to about 30 km. The radiosondes were launched twice a month from September 1992 to December 1999 and once a week from January 1999 to at-present. The recorded ozone measurements are converted to concentrations (mol/cm 3 ) and used for the present study. The data has also been collected regularly on both SHADOZ and Network for Detection of Atmospheric Composition and Change (NDACC) programmes. More details about the data and quality of ozonesonde measurements are found in the literature Thompson et al., 2003a, b) and also specifically for the Reunion ozonesonde measurements (Baldy et al., 1996; Randriambelo et al., 2000 and Sivakumar et al., 2006) .
We use 13 years of ozonesonde data gathered from September 1992 to February 2005 and the height region from ground to 30 km. The monthly distributions of data are presented in the Fig. 1 (grey colored bars) .
HALOE-UARS satellite data
HALogen Occultation Experiment (HALOE) was launched on the Upper Atmosphere Research Satellite (UARS) spacecraft on 12 September 1991, as a part of the Earth Science Enterprise (ESE) program. The experiment uses solar occultation to measure the vertical profile of minor constituents (O 3 , H 2 O, NO 2 , HCl, HF, NO, and CH 4 ), aerosol concentrations and temperature with a height resolution of 3.7 km for an instantaneous field of view of 1.6 km at the earth limb. It uses the atmospheric transmission measurements in the 2.8 µm CO 2 band for the retrieval of ozone mixing ratio. The retrieval method applies a simple "onion-peel" procedure to stabilize the height profile at top and bottom. The obtained ozone profiles are accurate for the height range from 10 km to 90 km, with a possible error of 5 to 10%. More details about HALOE data analysis and quality are discussed in the following literature (e.g., Russell et al., 1993 , Randel et al., 1995 , Brühl et al., 1996 , Natarajan and Callis, 1997 , Grooss et al., 1999 and Rood et al., 2000 Remsberg et al., 2001) Fig. 1 (shaded bars).
SAGE-II satellite data
Stratospheric Aerosol and Gas Experiment II (SAGE-II) was initiated into the Earth Radiation Budget Satellite (ERBS) in October 1984. The instrument uses the solar occultation technique to measure attenuated solar radiation of the Earth's limb. The transmittance measurements are inverted using the "onion-peel" approach to yield 1-km vertical resolution profiles of aerosol extinction, ozone, nitrogen dioxide and water Histogram represents the monthly distribution of ozonesonde, HALOE and SAGE-II satellite data used for the present study and for the period from 1992 to 2005. vapour. Extensive validation efforts were made to verify the accuracy of these measurements and the data sets are now archived and available for general scientific use. More details on SAGE-II data could be found in Attmannspacher et al. (1989) and Cunnold et al. (1989) . SAGE-II ozone measurements for the height range from 0.5 km to 70.5 km and for the period from October 1984 to February 1999 (∼15 years) is used, here. The overall constructed monthly mean profiles are used to merge with daily ozonesonde measurement, so that the ozone profiles extend from 0.5 km to 70.5 km, and also to allow for the computation of the corresponding total columns of ozone. The monthly distributions of data are presented in the Fig. 1 (blank bars).
TOMS satellite data
Total Ozone Mapping Spectrometer (TOMS) measures the total ozone content of the Earth's atmosphere. The instrument was first launched on the Nimbus 7 Spacecraft in 1978 followed by Meteor and Earth Probe. The nominal uncertainties of TOMS ozone data vary from 1 to 3%. Further details on the TOMS data are available at http://toms.gsfc.nasa.gov/ adeos/adeos.html and McPeters et al. (1993) .
We use data corresponding to Reunion site (21 • S; 55 • E) obtained from TOMS for the period from July 1996 to December 2004 and the earlier data obtained from NIMBUS-7 from January 1978 to June 1996. The data is used to normalize the ozone profiles by integrating the ozone measurements from ozonesonde and SAGE-II data (OAS) and also to make a comparison with SAOZ and the total ozone obtained from OAS.
FIGURE-2:
Flow diagram represents the procedure followed to obtain the normalized ozone profile.
* OAS refers to the combined ozonesonde and SAGE-II profile.
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SAOZ data
The Système d'Analyse par Observation Zénithale (SAOZ) instrument is a broad-band (290-640 nm) spectrometer and has undergone various developments since 1988 (Pommereau and Piquard, 1994) . The earlier documents on intercomparison with different instruments evidenced that the spread in ozone line-of-sight amount is better than 1% (Pommereau and Piquard, 1994; Hoffman et al., 1995; Roscoe et al., 1999) . The vertical columns of ozone are obtained from the line-of-sight columns and air-mass factor (AMF), using the following relationship;
Where, O 3(ref) is the reference ozone spectrum obtained from the spectrometer on a clear day at low solar zenith angle. Line-of-sight ozone is identified as slant ozone column O 3(slant) and is derived from a spectral band of 100 nm wide centered at 510 nm. Real-time and re-analysis SAOZ programs use the standard AMF which is calculated from radiative transfer model. The value of AMF is found to vary with latitude and is typically about 1.2% (ref. Sarkissian, 1992) . Here, the total columns of ozone obtained by SAOZ from January 1993 to December 2004 are used for comparison with both TOMS and the integrated ozone from OAS.
Results
Normalized ozone profile
A height profile of ozone is constructed for the height region from 0.5 km to 70.5 km by combining ozonesonde and SAGE-II measurements which are normalized with total column ozone from TOMS data. Such profile has been used as a reference for comparing with the other measurements. The routine adopted to derive the normalized profile is as follows; -Daily ozonesonde data is stepped down into 1 km height resolution.
-Using 15 years (October 1984 to February 1999) of SAGE-II data, the monthly mean ozone profiles are obtained for the height region from 0.5 km to 70.5 km.
-Similarly, the monthly mean total ozone values for Reunion Island are derived from 27 years of TOMS measurements (from January 1978 to February 2005).
-The ozonesonde and SAGE-II monthly mean profiles (OAS) are merged appropriately for each profile, at 3 km down to maximum height extended by the ozonesonde, taking into account the measurement error at the higher heights. The SAGE-II monthly mean profiles are correspondingly selected based on the ozonesonde observational date. The merging region (3 km) uses the mean ozone concentrations from SAGE-II and ozonesonde.
-The above constructed OAS profiles are individually integrated in order to retrieve the corresponding total ozone in terms of Dobson units. The normalization factor is defined as the ratio of the OAS total ozone to the corresponding monthly mean TOMS values.
-Thus, the normalized ozone profile for the height region from 0.5 km to 70.5 km is derived by multiplying the OAS profile by normalization factor.
The above explained steps are demonstrated in a simplified flow chart (see Fig. 2 ). It is also noted here that the calculated normalization factor for the complete datasets from ozonesonde, SAGE-II and TOMS data, is found to vary from 1.02 to 1.09 with an overall standard deviations of ∼0.02.
Height profile of mean ozone
Height profiles of mean ozone concentrations obtained from ozonesonde, HALOE and SAGE-II measurements are presented in Fig. 3 . This figure illustrates the accuracy of ozone measurements obtained from ozonesonde (in-situ), HALOE and SAGE-II satellite data. It also validates the ozone measurements and illustrates the respective instrumental error and relative measurement differences. Here, the ozonesonde measurements corresponds to the height region from 0.5 km to 29.5 km and the HALOE and SAGE-II satellite data range from 0.5 km to 70.5 km. Since the height resolution of the SAGE-II measurements is 1 km, the HALOE and ozonesonde data has also been stepped down to 1 km resolution for uniformity. Utilizing the above data, the overall mean ozone profiles are constructed, individually for each instrument irrespective of the year and month. Figure 3a displays the height profiles of ozone concentrations obtained from ozonesonde, SAGE-II and HALOE. The figure is superimposed with the height profile of normalized ozone concentrations which were obtained by the above illustrated method. Few differences in values are noticed due to different instruments and techniques. The normalized ozone profiles illustrate a very close agreement between the ozonesonde and SAGE-II satellite data, indicating that the measurements are consistent. The normalized ozone profile is in accordance to the ozonesonde measurements in the lower troposphere and with SAGE-II and HALOE profiles in the stratosphere up to about 40 km. Above 40 km, the SAGE-II and HALOE measurements indicate very little discrepancy in the ozone measurements. The maximum ozone concentration, ∼4.5×10 12 mol/cm 3 is displayed by all the instruments at ∼26 km. It also shows a small difference in the estimated ozone concentration by instrument, SAGE-II and HALOE show similar values and are ∼3% higher than the ozonesonde. It is also clear from the Fig. 3a that SAGE-II and HALOE are underestimating the ozone values in the lower tropospheric height region (below 10 km), as expected from the satellite instruments which measure from top to bottom and the error increases downward in the troposphere (see also Fig. 3b) . Relatively, the SAGE-II measurements provide a reasonable comparison with ozonesonde above 12 km when compared to the HALOE which are in agreement above 18 km.
The relative percentage of deviation (bias) in the ozone measurements by ozonesonde, HALOE and SAGE-II with respect to the normalized ozone profile is calculated using the following expression:
Where, "O 3(xxx) " refers to the ozone measurements from ozonesonde, HALOE or SAGE-II. The calculated bias in ozone measurements is presented in Fig. 3b . In other words, it displays the relative differences/uncertainty in the ozone measurements. The figure substantiates the underestimation of ozone measurements in the lower troposphere by HALOE and SAGE-II. It shows that the ozone measurements in the troposphere obtained from ozonesonde are having a lower bias than those obtained from HALOE and SAGE-II. Just below the ozone maximum height, SAGE-II shows the highest bias while ozonesonde reveals the lowest one.
The ozonesonde measurements illustrate that the bias is within 4-6% in the lower troposphere height region and a higher bias of about 10-12% is noticed in the upper troposphere and lower stratosphere height region (18-32 km). Such differences are also remarkably less in comparison with day to day variations (standard deviation). Whereas, both the satellite (HALOE and SAGE-II) measurements demonstrate almost the same magnitude of relative difference and is more than 40% in the lower troposphere. However, the bias is lower and of almost the same magnitude in the stratosphere height region (∼ above 20 km). The satellite and ozonesonde measurements exemplify a high difference in the ozone measurement in the lower stratosphere (18-32 km) with maximum differences of −6% at ∼24 km.
The earlier reports on SAGE-II measurement illustrated that the error in ozone retrieval rapidly increases up to approximately 40% at 10 km Brinksma et al., 2000) which is in accordance with the result presented here. Brinksma et al. (2000) concluded that the SAGE-II ozone measurements become less consistent with decreasing altitude. The inter-comparison study by Lu et al. (1997) also provided similar results by showing the difference between HALOE and ozonesonde. These differences were found to be ∼10-20% in the 15-20 km altitude range, ∼10% in the 20-25 km altitude range, and ∼1-10% in the 25-30 km altitude range. Analogously, expressed a resembling result, when they compared the ozonesonde data with SAGE-II and found that SAGE-II values are ∼20-30% larger than the ozonesonde values in the 12-15 km altitude range. Their observation concluded that the SAGE-II overestimation is due to aerosol loading in the stratosphere height region and measuremental uncertainties. In addition, the very low relative difference in ozonesonde data may be due to the lower accuracy of the ozone sensor in the stratosphere height region. Few published results on the accuracy of ozonesonde noted that the accuracy of ECC sonde is ±5% in the stratosphere region (Beekman et al., 1994; Komhyr et al., 1995; WMO, 1998; Logan, 1999) .
Seasonal variation of ozone from ozonesonde data
Since the objective of the paper is to present the stratosphere ozone climatology and its variability at a subtropical site (Reunion Island), the monthly mean ozone variations are presented for the height region from 15 km to 30 km. The monthly mean ozone values are obtained by grouping the ozonesonde data in terms of month and irrespective of the year. We also segregated the ozonesonde data by subjecting qualitative analysis (i.e., within ±2σ ). Hence, the data has better accuracy and the obtained monthly mean profiles are away from the unusual spectacular events (like, high ozone during STE, cyclone, planetary wave breaking). Figure 4a displays the monthly mean variations of ozone concentration obtained from ozonesondes for the height region from 15 km to 30 km. The vertical ozone variations are in the range from 0.5×10 12 to 4.5×10 12 mol/cm 3 . The ozone concentration increases gradually to a maximum in the height range from 24 to 28 km, and then decreases, as expected. The annual or semi-annual variation at any particular height region is not distinguishable, but mostly, it exhibits an annual variation with maximum and minimum ozone concentrations during spring/winter and autumn/summer, respectively. In the Upper troposphere, the obtained seasonal variation is in agreement with the earlier reported troposphere ozone climatology over Reunion with high-and low-ozone concentrations during spring and autumn (Randriambelo et al., 2000 and Thompson et al., 2003b) . The result from southern midlatitude station, Lauder (45 • S, 170 • E) also observed the annual cycle in upper troposphere ozone densities and stated that due to ozone production by photochemistry and the minimum ozone during winter is due to low solar radiation . They also stated that the local dynamical activities such as, monsoon circulations, equatorial gravity waves, Kelvin waves and planetary waves may enhance the troposphere ozone concentrations. The seasonal variation of Reunion stratospheric ozone illustrating increase in spring (see Fig. 4a ) might be related to wave propagation into the stratosphere (when winds are westerly). The relation between the ozone concentration and QBO phase (easterly/westerly) are delineated in detail in the Sect. 3.6. Further, the Fig. 4a exemplifies the width of the maximum ozone concentration region (∼4.5×10 12 mol/cm 3 ) which is broad and becomes thinner by September.
The ozone variability in terms of percentage of deviation is presented in Fig. 4b . The percentage of deviation is calculated in terms of ratio between the standard deviation and the respective monthly mean ozone value. Broadly, the obtained seasonal variations in terms of deviations are in the range from 0 to 15%. A very low deviation of less than 5% is recorded for all the months in the height region from 25 km to 28 km. High deviations of about ∼10-15% are obtained in the height region from 15 to 21 km. This height region (15 to 21 km) is corresponding to the ozone tropopause where much variability in ozone concentration is expected (Sivakumar et al., 2006) . Above, in the middle stratosphere, the percentage of deviation is found to be low and a very low deviation (near to 0%) is seen from 25 km to 28 km over all the months. It may relate to the less fluctuation in ozone concentrations at this height range.
Moreover, it is known that variability of stratospheric ozone depends on chemical and dynamical processes. Indeed, with regard to Reunion geographical position in the southern subtropics, nearby dynamic barriers, such as tropopause and subtropical barrier, ozone in the stratosphere is expected to show high variability due to dynamical processes such as stratosphere-troposphere exchanges and meridian exchanges between the stratospheric tropical reservoir and mid-latitudes, as reported by Baray et al. (1999 Baray et al. ( , 2000 , Bencherif et al. (2003) , Portafaix et al. (2003) and Semane et al. (2006) . Both of these transport mechanisms (vertical transport through the tropical tropopause and isentropic transport nearby the southern subtropical barrier) may be induced by gravity waves and Rossby planetary waves breaking.
Seasonal variation of ozone: HALOE data
The archived 15 years (January 1991 to February 2005) of ozone measurements from HALOE satellite overpasses nearby Reunion Island (21 • S, 55 • E) is grouped in terms of months irrespective of the year. Thereafter the corresponding monthly mean ozone concentrations and the respective relative standard deviations are derived and presented in Fig. 5a and b. The monthly distribution of data used for constructing the mean ozone value is displayed in the Fig. 1. Figure 5a represents the monthly variation of ozone, nearly similar as depicted from the ozonesonde measurements (Fig. 4a) . Here too, the high ozone value is displayed in the height region from 24 km to 28 km. Generally, the monthly variations are found to be smooth in comparison to the ozonesonde measurements. It could be due to the height resolution of the HALOE data which is high (has an initial vertical resolution of ∼3.7 km). Further, the difference in HALOE and ozonesonde measurement may be due to the HALOE overpass location which has the discrepancies of ±5 • and ±25 • . Above 27 km, the estimated ozone concentrations are higher than the ozonesonde measurements. A more detailed significance of differences in the ozone measurements between ozonesonde and HALOE are sketched in the following section (see Sect. 3.5) . Figure 5b renders the obtained standard deviation from HALOE measurements. The percentage of deviations is presented in-terms of ratio between the obtained standard deviation and the corresponding monthly mean ozone value. The deviations are found to be in the range from 0 to 35%. The deviations are large for height region from 15 km to 20 km, particularly from 15 km to 18 km. The deviation is relatively high during January, April, July and November. At and above 20 km, the deviations are smaller in comparison with the ozonesonde deviation (Fig. 4b) . The similarity in the magnitude of the deviation (∼0-5%) which is noted above 21 km, as illustrated by ozonesonde measurement, further proves the accuracy of both instruments. The observed large deviation in the lower height region, from 15 km to 18 km may be due to the lower accuracy of ozone estimation by HALOE (also see Fig. 3b ). It is consistent with the report by Borchi et al. (2004) revealing that the HALOE measurements are not reliable for tropical upper troposphere, especially below 22 km. This is also true for the SAGE-II measurements (Morris et al., 2002) . Brühl et al. (1996) determined that the HALOE ozone mixing ratio may have measurement errors of about 30% at 100 hpa and about 8% at 1 hpa pressure levels. An earlier study on quality of HALOE ozone measurements in the stratosphere reveals that the uncertainty in measurements is due to the forward model which is used to correct ozone concentrations retrieval and remove aerosol interference (Bhatt et al., 1999) . Figure 6 represents the obtained percentage of difference between the ozonesonde and HALOE measurements. It shows that for almost all the months, the differences vary from −20 % to +60 % with positive and high values between 15 km and 17.5 km. It further confirms the result obtained from the normalized profile, as depicted in Fig. 3b , showing the low accuracy of HALOE ozone measurements in the upper troposphere. Lu et al. (1997) compared ozone measurements from ozonesonde, SAGE-II and HALOE. They found a similar kind of difference in the measurements. Their result epitomized an increase in relative differences with respect to ozonesonde with decreasing altitude. The differences were found to be high in the height region from 15 and 20 km. It might be due to different techniques followed by satellite and ozonesonde. Also, their observations illustrated that the
The monthly mean percentage of differences in between HALOE and ozonesonde with respect to the ozonesonde value. HALOE data obtained by version 18 is better than that obtained by version 17. We have used version 19 of HALOE data, which may further improved the estimation.
Monthly evolution of ozone and its relation with QBO
The monthly mean ozone concentrations for the period from 1992 to 2004 have been derived from ozonesonde and HALOE data. The height-time cross-section of monthly mean ozone concentrations from ozonesonde and HALOE measurements are displayed in Fig. 7a-b and their corresponding percentages of difference with respect to the overall monthly mean values are presented in Fig. 7d and e. The HALOE measurements are presented for the 15-45 km height region while the ozonesonde measurements are given between 15-and 30-km. Generally, the mean ozone concentration from ozonesonde and HALOE are increasing with height from 15 to 24 km and then decreases above 27 km. The high ozone concentration is displayed from ∼21 km to 27 km with localized maximum value at about 27 km. In comparison to the ozonesonde measurement, the HALOE satellite measurements show modest difference in ozone concentrations values less than ±5%. The low ozone values obtained from ozonesonde at higher height regions could be due to lower measuremental accuracy and the accuracy increases with decrease in height. The monthly evolutions of ozone concentration represent annual oscillation with maximum and minimum during May and December months. It is also apparent from the figure that the monthly variations of HALOE ozone values are not much different for the height region from 18 to 21 km when compared with the height region between 24 and 27 km. This may be related to (1) the fact that satellite measurements are made following a downward scan (from top to bottom), (2) to the corresponding uncertainty increases with decreasing height, (3) to the relative satellite low resolution, and (4) to the possible aerosol interference in O 3 values retrieval. It is also evident from the Fig. 6 that the HALOE under estimates ozone concentration in the upper troposphere. Though there are gap in the measurements during some years/month and for the ozonesonde and HALOE, both clearly display descending/ascending trends of in the 20-30 km height region. Such variations are clearer from HALOE measurements than from ozonesonde and it might be caused by quasi-biennial oscillation (QBO) modulation. In order to compare the monthly mean ozone values and the ozone anomalies with quasibiennial oscillation (QBO) structures, the zonal mean wind data for the corresponding period is plotted in Fig. 7c . We use zonal wind data obtained at an equatorial site Singapore (1.30 • N; 103.85 • E). The zonal wind data over equator is generally accepted as a representative of the QBO structure and applied by the researchers (see Naujokat, 1986) . The ascending/ descending structure of ozone by ozonesonde measurements are found to be related to the easterly/westerly phase of QBO in some years. The years 1999 and 2004, indicate the descending structure of ozone with westerly phase of QBO. The year 1998 illustrates the ascending structure of ozone with easterly phase of QBO. For all the other years, the structure is not very clear from the ozonesonde measurement. It is almost similar for the HALOE measurements, but due to non-availability of ozone data for intermittent months in a year, it is not easy to investigate. The percentage of deviations or anomalies is obtained for each individual month from the monthly mean ozone values with respect to the corresponding monthly climatological values of ozone. With increasing height, the percentage of anomalies is less and highly reduced at ∼24 km, also both the HALOE and ozonesonde measurements show less bias values within ±10%. Both Ozonesonde and HALOE measurements show positive/negative deviations for the heights below/above 21 km. It is also clear from the figure that the observed high anomalies below 21 km are concurrent with the mentioned high deviation in the monthly mean ozone value as demonstrated from Fig. 4b . Further, the positive/negative percentage of deviations of ozone might be in connection to the QBO with westerly/easterly phases. It is clearer for the HALOE measurements than the ozonesonde measurements. The earlier report from SHADOZ data by Thompson et al. (2003b) observed that the stratospheric ozone profiles do exhibit QBO cycle.
It is also apparent from the figure that neither HALOE nor SAGE-II satellite data do not undertake the local-disturbing event (like, convection activities, cyclones and etc.,), which perturb highly the ozone concentrations. Since, the main objective of the paper is to provide a picture of the climatological variation of ozone with height, we have not discussed these events in detail.
Total ozone and comparison with TOMS and SAOZ measurements
Here, the integrated ozone columns have been obtained from the normalized (the combined ozonesonde and SAGE-II measurement) ozone profile. The total ozone time-series are presented in Fig. 8a and the relative percentages of differences with respect to the TOMS values are shown in Fig. 8b . The relative percentage of difference is calculated for SAOZ and the integrated ozone from OAS with respect to the TOMS data, i.e.,
The monthly variations in total ozone obtained from the normalized profiles (OAS) are mostly closer to TOMS within ±5%. The total ozone follows an easy-to-spot annual cycle with a maximum during spring (September-October) and a minimum by early winter (May). Such seasonal variations are consistent with other reported results for southern hemisphere sites (Logan and Kirchhoff, 1986; Fishman et al., 1990; Kirchhoff et al., I991; Kim and Newchurch, 1996; Fujiwara et al., 2003) . The ozonesonde measurement during the initial period from September 1992 to December 1993 shows low ozone concentrations (see Fig. 8a ). It is also noted from Fig. 8b (TOMS-OAS differences) that during 1992-1995 there is a quite regular decrease. Taking into account the latitudinal spread of Pinatubo aerosols, notably in the Southern Hemisphere, and their effects on ozone in the stratosphere, one can speculate that ozone profiles recorded at Reunion highlight the ozone reduction due to Pinatubo aerosol loading.
The SAOZ total ozone measurements nearly follow that of TOMS, but the values are less than TOMS and OAS. The absence of SAOZ values during September 1996 to August 1997 is due to technical changes: software and spectrometer upgrade. The TOMS observation is found to be higher than the SAOZ and the in-situ observations are in agreement with earlier documented result from southern high latitudes Kita et al., 2000; Bodeker et al., 2001; Masserot et al., 2002) . Earlier works indicated that the TOMS measurements are approximately 1% higher than the average of 30 northern mid-latitude ground-based stations and the discrepancy is higher at southern mid-latitudes (WMO, 1999) . and Masserot et al. (2002) found a significant excess of total ozone of 10-15 DU in TOMS measurement during cloudy conditions and also investigated the incorrect tropospheric ozone climatology, dynamical and chemical influences, instrument calibration error and the algorithm assumption could be the reason for observed excess in TOMS total ozone. The Fig. 8b illustrates that the percentage of difference is within ±10% and shows that OAS is in better agreement with TOMS than SAOZ, except the post-Pinatubo period (early 1992 to 1993. During the initial period of time from 1992 to 1994, the OAS expresses a high negative bias more than ∼10% (i.e., the TOMS value is higher than the OAS values) and later we find a nearly positive bias. Comparatively, the SAOZ measurements display difference in the range of ∼2-8% for most of the cases. The overall mean difference between TOMS and OAS is ∼2 DU and for TOMS and SAOZ is ∼4 DU. Thereby, it is evident that the OAS is in better agreement with TOMS than SAOZ. This is in accordance with the statements mentioned in a review article by Staehelin et al. (2001) and a report by Pommereau and Goutail (1988) that the SAOZ measurements are better in the polar regions than in the equator, as it does not require direct solar radiation and the visible absorption by ozone is much less temperature dependent than UV absorption. A comparative study between SAOZ and other techniques reported that SAOZ is clearly 10-15 DU lower than other techniques and attributed the differences to the used AMF's factors Sarkissian et al., 1997) . The TOMS ozone measurement illustrating high values of 1-2 DU with OAS is in good agreement with the earlier result from WMO (see WMO, 1999) where they found that TOMS measurement is 1-2% higher in southern low-and mid-latitude regions (Staehelin et al., 2001 ).
Summary and concluding remarks
We presented the general climatalogical characteristics of stratosphere ozone for a southern sub-tropical site (Reunion Island, 21 • S; 55 • E) using large databases of in-situ (ozonesonde and SAOZ) and satellite (HALOE, SAGE-II and TOMS) measurements. The ozone measurements by ozonesonde, HALOE and SAGE-II are in agreement with their stated level of uncertainties. The largest relative differences between the satellite and ozonesonde measurements are found in the height region from 15 km to 20 km, suggesting the underestimation of ozone by HALOE in the troposphere height regions. Unambiguously, both ozonesonde and HALOE satellite measurements revealed the maximum and minimum ozone concentrations during the spring/winter and the autumn/summer months, respectively. Such depicted monthly variations of ozone at heights above and below 26 km are found to illustrate an opposite cyclic behaviour of maximum and minimum ozone concentrations. The relative difference between the HALOE and ozonesonde measurements, demonstrates a positive/negative values for heights below/above 20 km. The monthly temporal variation of the ozone concentration for the height region from 15-30 km shows descending/ascending trends and which are in relation to the easterly/westerly QBO phase. The time evolution of total column ozone obtained from TOMS, SAOZ, ozonesonde and SAGE-II (OAS), follows an annual cycle with maximum during May-June months. Relatively, the total column ozone by TOMS displays a high value in comparison with the SAOZ and the integrated ozone from ozonesonde and SAGE-II. The measured OAS total column ozone values are in better agreement with TOMS than SAOZ. The above realized results are found to be in better agreement with other reported results for southern hemisphere's mid-and high-latitude stations. The added appendix at the end provides the monthly mean ozone concentration and its standard deviation for Reunion, which can be further considered as a monthly representative one. 
